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Magnetic field calibration of a transmission electron microscope
using a permanent magnet material

V. V. Volkov,a) D. C. Crew, Y. Zhu, and L. H. Lewis
Materials Sciences Department, Brookhaven National Laboratory, Upton, New York 11973-5000

~Received 25 May 2001; accepted for publication 4 March 2002!

A new method of assessing the magnitude of the magnetic field in a transmission electron
microscope using a permanent magnetic material is described. The approach is versatile and simple
enough to be implemented for certain scientific or engineering situations in which the exact
calibration of the magnetic field in the microscope column using a small Hall probe may be a
problem. We have applied this approach to obtain the magnetic field calibration inside a JEM 3000F
field emission electron microscope as a function of the objective lens potential. In the course of this
in situ calibration it was not necessary to disassemble the microscope or interrupt its operation. The
procedure used is versatile and accurate enough to measure magnetic fields up to 20 kOe~m0H
52 T in SI units! as was confirmed by subsequent Hall-probe field measurement of the same
electron microscope. The calibration method described in this article does not require any special
Hall-probe holder adaptations and can be applied to any transmission electron microscope or similar
instrument. To illustrate the utility of the technique and its results, quantitative analysis of magnetic
domain images obtained with Lorentz microscopy during magnetic reversal of a sample subjected
to an in situ magnetic field in the JEM3000F microscope is presented and discussed. ©2002
American Institute of Physics.@DOI: 10.1063/1.1472465#
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I. INTRODUCTION

The operation of a transmission electron microsco
~TEM! requires that the sample of interest be placed wit
the objective lens~OL! magnetic pole pieces of the instru
ment. Thus during normal imaging operation the sample
subjected to anin situ magnetic field with a high value
Many transmission electron microscopes allow the OL to
switched off during the imaging procedure, a feature tha
particularly useful for studies of magnetically sensiti
samples using either the Fresnel or the Foucault imag
modes of the Lorentz microscopy technique. The presenc
the OL does, however, provide a convenient way by which
vary the magnetic field surrounding the sample and to ex
ine the effect of that field on the magnetic domain config
ration of the sample. It is necessary that the application
magnetic field to a magnetic sample during TEM imaging
done with care. Variation of the magnetic field applied to
sample within the TEM is usually achieved by varying t
objective lens current, which may change the imaging c
ditions, or by varying the tilt of the specimen relative to t
column axis, which changes the component of the OL m
netic field projected into the plane of a sample.

For quantitative magnetic TEM image analysis it is im
portant to know the value of the magnetic field applied to
sample. Calibration of the magnetic field inside an elect
microscope as a function of the OL current is not a sim
procedure, because it usually requires the use of a sp
holder in conjunction with a Hall-effect probe. For examp

a!Author to whom correspondence should be addressed; electronic
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the schematic cross-sectional layout of the JEM 3000F T
column with a side-entry holder geometry presented in Fig
illustrates that there is not enough room in the column
place additional magnetic field sensors close to the opt
axis of the TEM column in the vicinity of the specimen ar
~Fig. 1, segment 7!. Only a small part of the high-vacuum

TEM column relevant to the specimen area and environm
is shown here for clarity.1 Hence, any independent magnet
field measurement can only be carried out with either a s
cial TEM holder with a Hall probe or some other type
wireless magnetic sensor that must fit into the standard T
specimen holder.

In this article we report a novel technique which avoi
this complication by using the OL current to magnetizein
situ an initially demagnetized but well-characterized ma
netic specimen, henceforth referred to as a magnetic se
that acts as a probe of the magnetic field in the specimen
of the TEM. This technique bypasses the need for spe
and/or expensive Hall-effect probe attachments. As it is
portant to choose a magnetic sensor with a unique and re
ducible magnetic field response, some brief magnetic m
rials selection criteria will be outlined. Details of th
proposed field-calibration procedure of a TEM using suc
magnetic sensor are described below. The results of this
cedure are compared to those obtained by a conventi
Hall-probe characterization of the magnetic field in the TE
Finally, the utility of the technique is illustrated by quantit
tive analysis of Lorentz magnetic domain images obtain
during the magnetic reversal of a sample subjected to ain
situ magnetic field in the JEM 3000F microscope.
il:
8 © 2002 American Institute of Physics
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II. PRINCIPLE OF CALIBRATION

A. Choice of sensor material

Calibration of the magnitude of the internal field insid
the TEM is achieved by monitoring the development of re
anent magnetization with OL potential during TEM imagin
of a thermally demagnetized ferromagnetic sample of kno
magnetic response. In this endeavor it is necessary to ut
a permanent magnetic material which retains some frac
of magnetization achieved~the remanenceMr! after applica-
tion and removal of an applied external field. The magne
sensor chosen must not be magnetically saturated befor
maximum field inside the TEM is reached. The techniq
and accuracy of the calibration are enhanced by the use
magnetic sensor with an ideally linear magnetic respo
with field ~i.e., a small magnetizing susceptibility! and with-
out a multistage initial magnetization curve. It is also imp
tant that the magnetic material chosen does not exhibit t
mal degradation in magnetic behavior, as it is necessar
thermally demagnetize the sensor multiple times to check
reproducibility of the technique. A magnetic material th
satisfied the requirements outlined above is a hot-pres
fully dense nanocrystalline material based on the comp
tion Nd2Fe14B ~Nd–Fe–B!. The isotropic microstructure o
this magnet, described elsewhere,2 renders the magneti
properties suitable for use as a TEM magnetic sensor.

B. Experimental field calibration of the magnetic
sensor

The material selected for the TEM magnetic sensor w
a magnet made from melt-spun and subsequently hot-pre
Nd2Fe14B-based ribbons of nominal compositio
Nd14(Fe92Co8)80B6Ga0.5 obtained from General Motors Re
search Laboratories in Warren, Michigan. The processing
tails of the magnet are discussed elsewhere.3–5 A uniform
disk of 3 mm in diameter was cut from the center of t
sample and polished to a final thickness of 0.15 mm by h
with 800 grit ~10 mm! silicon carbide paper. These dime
sions represent the maximum dimensions that can fit in
standard TEM sample holder.

The polished Nd–Fe–B disk was sealed in a quartz t
in a vacuum of approximately 331026 Torr and heated

FIG. 1. Schematic cross-sectional layout of the TEM column in the sp
men area. The following features are indicated:~1! condenser minilens
~CM! coil; ~2! goniometer;~3! specimen holder;~4! objective aperture as-
sembly;~5! objective lens~OL! coils; ~6! objective minilens~OM! coil; and
~7! specimen area inside OL pole pieces.
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briefly to 400 K, above the Curie temperature of Nd2Fe14B,
to thermally demagnetize the sample. Upon cooling this p
cedure creates a distribution of magnetic domains with a r
dom magnetization orientation and thus allows the magn
remanent state to be set to zero. The demagnetized sa
was then inserted into a Quantum Design MPMS superc
ducting quantum interference device~SQUID! magnetometer
with the normal to the disk surface aligned with the appli
field direction. It was important to maintain this measur
ment geometry because it mimicked the geometry of
sample within the TEM. The sample was magnetized aT
5300 K by stepping the applied magnetic field in increme
and then reducing the field back to zero, thus recording
remanence associated with each increase in applied fi
This procedure was repeated to a maximum applied field
50 kOe. Partial magnetization loops, known as recoil loo
are obtained by this procedure and are shown in Fig. 2
should be noted that the partial recoil loops are entirely
versible, indicating little contribution of irreversible pro
cesses to the magnetization and subsequent demagnetiz
processes. Theex situ field-calibration curve~Fig. 3! was
reproducible to within about 4% after multiple cycles
magnetization and thermal demagnetization. The error in
producibility is most likely associated with sample mounti
irregularities rather than intrinsic material variation and
discussed in the error analysis in Sec. IV. The reproducibi
of the partial demagnetization curves defines a one-to-
relationship between the remanence of the magnetic mat
and the applied field. It also displays an almost linear rem
nence response versus applied field up to 20 kOe, wit
demonstrated flattening towards magnetic saturation ab
this field.

This procedure constitutes the general principle used
this work for the calibration of the magnetic field produc

i-

FIG. 2. Magnetic recoil curves used to determine magnetic remanenc
the magnetic sensor sample Nd14(Fe92Co8)80B6Ga0.5 measured at room tem
perature with the SQUID magnetometer. This set of measurements e
lishes an unambiguous relationship between the remanence (Mr) of the
magnetic sensor and the magnitude of the applied magnetic field~H!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2300 Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Volkov et al.
by the objective lens in the sample area of a JEM 3000F fi
emission electron microscope operating at accelerating v
ages of 200–300 kV.

III. EXPERIMENTAL FIELD CALIBRATION
OF THE TEM

A. Field calibration using a magnetic sensor

Magnetic field determination inside the JEM 3000
TEM was accomplished in two independent ways: using
measured magnetic response of the magnetic sensor p
ously calibrated and, later, using a Hall probe. A significa
advantage of the former method is that it does not require
use of any special TEM holder with a Hall-probe unit. T
field calibration performed with the magnetic sensor is v
satile enough to be applied to the field calibration of a
TEM or another similar machine. After completion of theex
situ magnetic remanence calibration, the magnetic sen
was once more sealed in an evacuated quartz tube and
thermally demagnetized at 400 K. The demagnetized m
netic sensor was then placed in the specimen holder
inserted into the TEM. The sensor was gradually magneti
in the TEM column in increments by increasing the OL p
tential. For the transmission electron microscope utilized
this study the OL potentialUobj is related to the objective
lens currentI obj by the relationUobj5I objRobj , whereRobj

50.372V is a reference resistance in the OL-coil circu
After each cycle of increase and decrease in OL poten
Uobj in the TEM the magnetic sensor was removed and
remanence was measured in zero field with the SQUID m
netometer. This procedure was repeated several times
progressively larger values of objective lens current in
TEM, and is shown schematically in Fig. 4. Special care w
taken to ensure that the test sample had the same pos
and orientation with respect to the field both in the TEM a
in the SQUID magnetometer.

Figure 4 is a schematic representation of the relations
between the magnetization response of the magnetic se

FIG. 3. Remanent magnetization response of the magnetic sensor sam
a function of applied magnetic field measured by the SQUID magnetom
at room temperature and obtained from the partial magnetic recoil curve
Fig. 2.
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versus applied magnetic field both in the TEM and in t
SQUID magnetometer that is used to provide a calibrat
curve. The first quadrant of the diagram in Fig. 4, labeled~I!,
represents the transfer function of the magnetic sensor m
netization responseMr(Uobj) versus the unknown magneti
field H(Uobj) produced by the TEM OL coil potentialUobj .
The second quadrant of the diagram, labeled~II !, displays
the transfer function of the magnetic sensor remanent m
netizationMr(H) as a function of the magnetic field applie
in the SQUID magnetometer. This is simply a schematic p
of the ex situmagnetic recoil curves of the magnetic sens
originally shown in Fig. 2. The (2Y) and (2X) axes in Fig.
4 are identical and are used to construct the final value
magnetic fieldH generated in the microscope~2Y axis! ver-
sus the OL potentialUobj ~X axis!. Quadrant IV contains the
final calibration curve of the fieldB(Uobj) generated in the
TEM as a function of the OL potential. Here we assum
B(Uobj)5H(Uobj) becauseB is numerically equal toH for
the ‘‘air gap’’ of OL pole pieces of the TEM, since the pe
meability of vacuummvac5Bvac/H51 in centimeter–gram–
second~cgs! units. The advantage of this field-calibratio
method is that the final result should not be sensitive to
specific shape of the experimental calibration curveMr(H)
for the magnetic sensor used~Fig. 3!. Details concerning the
error induced by the test-sample method are provided in S
IV.

Depending upon the specific material, the effects
magnetic saturation at high fields of the magnetic sen
sample~Fig. 3! on the calibration curveMr(H) may be a
source of significant experimental error for the TEM fiel
calibration curveH(Uobj). As one can see in Fig. 5 the am

e as
er
in

FIG. 4. Schematic of the principle underlying the magnetic field calibrat
method using a magnetic sensor. Quadrant I is the sensor magnetiz
response vs the OL potential as a function of the magnetic field in
electron microscope to be determined. Quadrant II is sensor response
known magnetic field generated in the SQUID magnetometer. Quadran
and IV show the construction of the final calibration curve of TEM magne
field B vs OL potentialUobj . Points A and B indicate that at higher magnet
fields the experimental errors are expected to be more significant du
magnetic saturation of the sensor.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2301Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Magnetic field calibration of TEM
plitude of the experimental error in remanent magnetizat
increases forH>20 kOe as the magnetic sensor approac
saturation magnetization. A discussion of the inherent e
in the TEM field determination is facilitated by a close e
amination of Fig. 4 where point A8 represents the low-field
region of the TEM field-calibration curve and point B8 rep-
resents the high-field region of the calibration curve. T
experimental error in the field determined for point B8 in
Fig. 4 ~quadrant IV! is noticeably larger than that of point A8
~quadrant IV!, as quantified by the parallel dashed lines. T
difference in experimental error is attributed to the low
sensitivity of the sensor magnetization response to app
field as it approaches the high-field limit. In general, t
accuracy of the technique decreases as the susceptibili
the sample decreases at high fields.

In situ Lorentz imaging is only possible at magnet
fields below a certain maximum applied field that is spec
to the magnetic material under investigation. For instan
the in situ magnetic imaging of the magnetic domain stru

FIG. 5. Final calibration curve of the magnetic field in the specimen are
the JEM 3000F microscope as a function of the OL potential measure
two independent methods:~a! the Nd–Fe–B magnetic test sensor meth
~open circles! and ~b! the Hall-probe method~closed squares!. The calibra-
tion curve~b! is universal for all TEM modes of microscope listed in Tab
I and defined by the TEM’s computer.
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ture in Nd–Fe–B-based permanent magnets is not poss
above fields ofHmax.15 kOe, because the magnet is sa
rated atHsat;20 kOe~see Fig. 3! and the domain structure
disappears. Additionally, a very strong demagnetizing fi
that surrounds the saturated sample may alter the par
electron beam passing through sample and spoil the sens
ity of the magnetic image as well. It is fortunate therefo
that the decrease in calibration accuracy produced by
magnetic saturation of the Nd–Fe–B sample using this te
nique does not affect the low-field calibration.6

B. Field calibration using a Hall probe

The in situ magnetic field calibration in the sample are
of an electron microscope using a permanent magnetic
terial as a magnetic sensor, outlined above, was success
verified by a subsequent independent magnetic field cali
tion of the same JEM 3000F instrument using a special T
specimen holder containing a Hall probe. This proced
only became possible during disassembly and maintena
of the microscope. During this procedure a special tilt go
ometer unit~Fig. 1, items 2 and 3! was removed to allow
direct access to the OL pole pieces through the flange w
dow ~Fig. 1, item 7!. A long holder with a small Hall probe
mounted on the tip was used for direct field measuremen
the magnetic field in the TEM OL pole–piece gap. The
sults of these independent field measurements are also sh
as closed squares in Fig. 5 and are summarized in Tab
The Hall probe itself was calibrated in a well-calibrate
static magnetic field generated by a variable Nd–Fe
magnet7,8 and was found to exhibit a linear response with t
field, offset by 5 G atzero applied field. It is clear that thi
second calibration curveB(Uobj) obtained by the Hall probe
~Fig. 5! has a smaller experimental error, as is shown in
low-field limit region in Fig. 6.

More experimental results of the magnetic field of t
JEM 3000F microscope as a function of different operat
conditions and magnifications are presented in Table I. N
tice that the random error in the field measured by the H

f
by
itions.
TABLE I. Magnetic field in specimen area of the JEM 3000F microscope under various operating cond

Accelerating voltage5200 kV Accelerating voltage5300 kV

Uobj ~V!a
Field

B ~kG!b Uobj ~V!a
Field

B ~kG!b

Low magnification Low magnification
603–15003 0.06 0.985 603–15003 0.07 1.121
20003–30003 0.01 0.172 20003–30003 0.01 0.172

Holography low
magnificationc

Holography low
magnification

20003–40003 0.01 0.172 20003–40003 0.27 3.785

Magnification Magnification
40003–60003 4.32 27.654 40003–60003 6.28 29.622
80003–150 00003 4.32 27.654 80003–150 00003 6.30 29.637

aThe OL potentialUobj is related to OL currentI obj by the relationUobj5I obj* Robj , whereRobj50.372V is a
reference resistance in the OL coil circuit.

bThe experimental data of magnetic fieldB ~kG! vs Uobj ~V! were recorded by a Hall probe with accuracy615
G, if not specified in the text.

cSpecial TEM mode used for the electron holography applications.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2302 Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Volkov et al.
probe did not exceed615 G. Other important experimenta
parameters of the magnetic field-calibration procedures
scribed above are as follows.

Figure 5 indicates that the experimentally determin
magnetic field generated by the OL in the specimen are
the JEM 3000F microscope in ordinary TEM mode is arou
25 kG ~electron gun accelerating voltage5200 kV! or 30 kG
~electron gun accelerating voltage5300 kV!, as listed in
Table I. The magnetic remanence of the OL pole piec
measured after the application and removal of the maxim
OL current, produces a residual magnetic field equal to
6100 G ~determined by the magnetic sensor method! or to
172613 G ~determined by the Hall-probe method, Fig. 6!.
These values are obtained from extrapolations of the m
netic data obtained by the two methods in Fig. 6 to zero fie
These results appear to be consistent with one another
the remanent field in the microscope at zero OL curr
should be in the range of 150–170 G. This field is the mi
mum one present in the microscope regardless of the im
ing mode used. The presence of a remanent field in the
croscope also warrants special care be taken du
quantitative magnetic analysis of magnets with coercivit
below 200 Oe. Finally, as follows from Figs. 5 and 6, t
linear part of field dependenceB(Uobj) extends up to a field
of B,15 kG @1.5 T in Systeme International~SI! units# with
Uobj

s <1.0 V ~Fig. 6!. To good approximation this part of th
curve can be expressed by a simple linear formula on
basis of Hall-probe data~Fig. 6! as

B ~G!5~172613!1~133 56628!* Uobj , ~1!

whereB is the magnetic field in the specimen area of TE
measured in gauss andUobj is the OL potential measured i
volts. The constant 133 56 in Eq.~1!, in units of G/V, quan-
tifies the sensitivity of the magnetic field to the OL potenti
Notice that the sensitivity determined by the magnetic sen

FIG. 6. Low-field part of the calibration curve found to be suitable forin
situ magnetic imaging of the domain structure of Nd–Fe–B magnets.
open circles represent the result obtained by the Nd–Fe–B magnetic se
The closed squares indicate the independent calibration curve obtaine
the Hall probe equipped with a BELL610 gaussmeter. For the latter
accuracy of the Hall probe was verified by a calibrated variable field ma
in the Multimag MM2000-26.5 apparatus~Refs. 7 and 8!. The errors marked
with 6 were obtained by linear extrapolation of the experimental data
wards zero field.
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calibration method is a little higher than that measured by
Hall probe; this issue will be explored in Sec. IV. Figures
and 6 demonstrate that both of the calibration methods u
in the present work, within their respective experimental
rors, appear to be consistent, resulting in almost the s
calibration curves for the magnetic field generated by va
tion of the OL potential.

C. Application of results to quantitative magnetic
imaging

Precise knowledge of the magnetic field excited in t
specimen area of an electron microscope as a function o
OL potential allows one to take qualitative imaging of ma
netic domain behavior obtained in Lorentz and/or Fouca
modes9,10 to a new quantitative level. The in-plane comp
nent of the projected magnetic field is defined by the expr
sionH'5H sina, wherea is the tilt angle of a sample plan
in the goniometer~for the JEM 3000F microscopeuau
,26°!, where H is the field exited by the objective lens
With knowledge of the applied field, detailed analyses
TEM magnetic images recorded underin situ magnetizing
conditions at the nanoscale become a reality. This appro
may be fruitful for a quantitative description of the evolutio
of the local domain structure versus the applied field as w
as enable the evaluation of magnetization and demagne
tion processes, allowing one to differentiate between dom
wall nucleation and domain wall pinning mechanisms th
are sensitive to the sample composition, defect state,
applied magnetic field.

As an example of the utility of the approach, it is po
sible to elucidate the demagnetization process, shown in
7, by magnetic sensitive in-focus Foucault images, wh
depict the magnetic domain configuration present in a lar

e
sor.
by
e
et
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FIG. 7. Magnetic images of the grain boundary area in a sintered Nd–F
magnet recorded in Foucault mode vs decreasing applied magnetic fiel
3.3 ~a! and 2.1 kOe~b!. Details of the two images are provided in the tex
Nucleation and expansion of reverse magnetic domains in grain G1 ~a! can
be seen to occur via formation of a small domain at the grain boundary.
dashed line indicates the grain boundary, and the fine arrows show the
in-plane directions of domain magnetization. The projected in-plane ma
tization directions are opposite for grains G1 and G2 , as is evident from
their black/white Foucault contrast. Diffraction analysis confirmed t
grains G1 and G2 have parallel in-plane components of thec axes projected
into the plane of the image; thesec axes enclose a dihedral angle of abo
84°.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2303Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Magnetic field calibration of TEM
angle grain boundary~GB! region in a sintered Nd–Fe–B
magnet obtained by appropriate shift of the objective ap
ture. Under ‘‘free lens control’’ in the TEM the sample wa
magnetized first with fieldHn511 kOe ~Fig. 5! applied
along the normal to the image plane. The experimental
ages were recorded after reducing fieldHn , normal to the
image plane, down to 3.3 and 2.1 kOe, respectively. T
region imaged contains two grains, G1 and G2, approxi-
mately 5mm in diameter with the different crystallograph
orientations labeled; the dashed white line~labeled ‘‘GB’’!
indicates the grain boundary. The black-and-white stripe c
trast in Fig. 7 is magnetic domain contrast that arises fr
in-plane magnetization components with opposite orien
tions. The projected magnetization directions are opposite
grains G1 and G2, as is evident from their black/white Fou
cault contrast. Small arrows signify the in-plane magneti
tion direction of the grains. A small region that runs alo
the grain boundary, labeled ‘‘GBD,’’ indicates the presen
of a grain boundary magnetic domain. The position of
grain boundary in the image was determined by remova
the objective aperture from the optical axis of the TEM. It
hypothesized that the presence of the grain boundary dom
may reduce the magnetostatic energy in the intergran
area. The black regions in the upper-left corner and in
lower-right corner mark holes in the film. A small region
reverse magnetization~circled! is visible in grain G1 near the
grain boundary. Upon reduction of the objective lens curre
and hence reduction of the magnetic field in a sample a
Fig. 7~b! shows that the reverse magnetization nucleus
grain G1 has expanded and encompasses the entire grain
deduced that nucleation and expansion of reverse mag
domains that exist in grain G1 occur via the formation of the
grain boundary domain~GBD!. In situ TEM observation of
the demagnetization process of this region indicates that
domain configuration changes abruptly with a reduction
the magnetic field from 3.3 to 2.1 kG.

A selected area electron diffraction analysis confirm
that thec axes of grains G1 and G2 span an angle of 84° an
that the in-plane components of thec axes appear to be pa
allel when projected onto the image plane. This result
consistent with the magnetic anisotropy easy axis
Nd2Fe14B, which lies parallel to thec axis.5 With knowledge
of the applied magnetic field magnitude it is possible to se
rate the demagnetization process into three successive s
The first step is a combined nucleation and expansion of
narrow GBD.11 In the geometry imaged within the TEM fo
this step occurs at nucleation field ofHn53.3 kOe. It ap-
pears that this specific grain boundary domain does not
low the easy magnetic axis of the grains, but instead, follo
the grain boundary interface. The second step in the dem
netization process is the passage of the domain wall from
defective region into the grain interior.11 This result is shown
in Fig. 7~b! and occurs at a propagation field ofHp

52.1 kOe. Further decreases in the applied field combi
with the complex stray field cause the observed dom
structure to evolve by expansion of the domain walls
additional lateral movement~not shown in Fig. 7!. This is the
last step in the local demagnetization process in this sinte
Nd–Fe–B magnet.
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IV. DISCUSSION OF SOURCES OF ERROR
IN THE CALIBRATION

The goal of this exercise was to ascertain the magn
field value produced by the objective lens current~or its po-
tential! in the sample region of the TEM. Logically there
an unambiguous functional relationship between these
parameters. Experimentally it was found that only the O
contributes to the excited magnetic field in the specimen a
of the JEM 3000F microscope. Hall probe measureme
confirm that the other lenses in the microscope, such as
condenser minilens~CM! or the objective minilens~OM!
shown in Fig. 1, do not contribute to the magnetic field in t
specimen area and therefore their effects were neglec
Figures 5 and 6, however, indicate the existence of a cer
average discrepancy in the field value obtained by the
measuring methods. In particular, the measured magn
field in the TEM using the magnetic sensor method appe
to be slightly higher~by a factor of 1.13! than the field ob-
tained by the Hall-probe method for the same OL poten
setting ~Fig. 6!. Two categories of experimental error hav
been considered to explain this discrepancy: random or
tistical error and systematic error. It was concluded that o
source of error results from the SQUID magnetometer re
anent moment determination of the sensor sample. From
perience with the SQUID magnetometer the random exp
mental error in the moment determination for a particu
sample is approximately60.5%, which represents the acc
racy of the SQUID magnetometer and its associated elect
ics. However, a larger systematic error~on the order of
;5%! can occur from inconsistent axial alignment of th
sample with respect to the applied magnetic field axis in
SQUID. The error bars shown in Fig. 5 were calculated w
the inclusion of the random error in the remanenceMr de-
termination of 0.5%, and a variation in the placement of
sample, specifically in the angle of the sample normal w
respect to applied field in the SQUID~5%!. Taken together,
these produce an error of not more than 5.5%. These e
bars obviously represent unlikely extreme cases of syst
atic and random errors combined.

Another source of systematic error can be derived fr
the more accurate analysis performed for the OL magn
circuit of the TEM. By applying Ampere’s law.Hdl5NI
~where NI is a number of A/turns! to the closed magnetic
circuit of the objective lens it is easy to show that the pla
ment of a magnetic material inside the air gap of an elec
magnet should increase its strength and hence the mag
field inside the pole pieces. Our test sample was of fin
thicknessh50.15 mm, compatible with the air-gap width o
the OL pole pieces (l 52 mm) of the JEM 3000F micro-
scope. A simplified calculation12 of the magnetomotive force
necessary to overcome the air-gap resistance of the OL
allows an estimation of the magnetic field enhancemen
the air gap:

B ~ test sample!/B ~Hall probe!

511
h

l S m21

m D'11
h

l
511

0.15

2
'1.08, ~2!

where h50.15 mm is the thickness of the specimen andl
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52 mm is the air-gap width of the OL pole pieces of t
JEM 3000F microscope. This expression provides an e
mate of the additional magnetic field in the OL gap induc
by the magnetic sensor.

Taken together, the sources of systematic error m
tioned above~1.05•1.0851.13 or a 13% difference! are suf-
ficient to account for differences in the results obtained
the two different methods to evaluate the magnetic fi
present in the TEM. Under the reasonable assumption
the Hall probe provided a more accurate determination of
magnetic field within the TEM sample area, it is appare
that a small scaling factor correction of at least'8% by Eq.
~2! to the data derived from the magnetic sensor should
applied to the experimental data obtained with the magn
sensor. However, the method-induced differences in the
termination of the magnetic field as a function of the O
potential are small enough and therefore can be neglecte
the typical range of magnetic fields~less than 15 kG! utilized
for Lorentz and Foucault magnetic imaging. The accuracy
the Nd–Fe–B magnetic sensor field-calibration techniqu
sufficient to be used at fields below;20 kOe. Above this
value of the field the reduction in the magnetic susceptibi
of the sensor as magnetic saturation is approached, as
cated by the calibration curves of Figs. 2 and 3, causes
accuracy of the technique to be compromised. With kno
edge of the magnetic field in the TEM, a detailed analysis
in situ TEM magnetic domain images and other magne
phenomena at the nanoscale becomes a reality.
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